We experimentally prove the viability of the concept of the double-heterostructure quantum well InAlN/GaN high-electron-mobility transistor (HEMT) for the device higher robustness and reliability. In the single quantum well InAlN/GaN HEMTs, the intrinsic channel resistance increases by 300% after 1 h off-state stress; much less degradation is observed in the double-heterostructure device with an AlGaN back barrier. Physicsbased device simulation proves that the back barrier blocks the rate of carrier injection into the device buffer. However, whatever the quantum well design is, the energy of the injected electrons in the buffer of InAlN/GaN-based HEMTs is higher than that in the buffer of AlGaN/GaN HEMTs. This energy may be sufficient for releasing hydrogen from GaN point defects. #
Introduction
InAlN/GaN high-electron-mobility transistors (HEMTs) were shown to be an excellent alternative to AlGaN/GaN HEMTs for ultrahigh-frequency 1, 2) and power 3) applications. It was emphasized that the channel electron velocity in the InAlN/GaN system is substantially higher as it is observed in AlGaN/GaN HEMTs.
2) Simultaneously, it was shown that InAlN/GaN HEMTs can operate at 1000 C without permanent damage. 4) The excellent device performance and stability may stem from the lattice matching of the InAlN barrier to GaN. 5) Elsewhere, it was shown that an electricfield-driven relaxation of the material lattice observed in AlGaN/GaN (so-called inverse piezo-electric effect) 6 ) is mitigated in lattice-matched InAlN/GaN HEMTs. 7) On the other hand, from the point of view of gate leakage, InAlN/ GaN HEMTs seem to be less matured when compared with their AlGaN/GaN counterparts because of the high tunneling current component. 8) Gate insulation may be a solution for this particular problem. 9) In this paper, we address reliability aspects of InAlN/GaN HEMTs in relation to the possible hot electron-related degradation of the buffer layer. The degradation of the buffer layer has recently been indicated as one of the most critical aspects of the InAlN/ GaN HEMT performance. 7) For AlGaN/GaN HEMTs, it has been shown that the electrical stress at the drain voltage V DS ¼ 20 V and gate voltage V GS close to the pinch-off can reduce the device transconductance and degrades the GaN buffer. 10, 11) The effect could be explained by the high electric field under the drain side of the gate giving a sufficient energy to electrons to dehydrogenate point defects in the buffer. 10, 11) Hydrogen is naturally present during the III-N epitaxial growth and can be attached or subsequently released from Ga vacancies. [10] [11] [12] The release of one or more hydrogen atoms by energetic electrons gives rise to (more) negatively charged complexes with an acceptor-like nature. 10, 11) Those changes are not spontaneously reversible and, consequently, the HEMT threshold voltage V T can be permanently shifted and, more importantly, the channel mobility can be degraded owing to an enhanced Coulomb scattering. 10, 11) It was shown that the hydrogen removal energy from the single hydrogenated Ga vacancy ranges from 0.72 to 3.55 eV depending on the position of the Fermi level E F in the buffer. 12) A better confinement of electrons in the AlGaN/GaN HEMT channel and a reduced rate of carrier injection in the GaN buffer were observed for the double-heterostructure quantum well (DHQW) system by applying the AlGaN back barrier. 13, 14) Consequently, a lower subthreshold drain leakage 13, 14) and a reduced trapping in the buffer 14) could be obtained. The AlGaN back barrier has also been tested in InAlN/GaN HEMTs, resulting in an improved device RF performance and reduced short-channel effects. 15) In this study, we evaluated hot-electron injection effects in the buffer of InAlN/GaN HEMTs by two-dimensional hydrodynamic transport simulation and experiment. In particular, we analyzed why InAlN/GaN HEMTs seem to be more vulnerable to the off-state stress than their AlGaN/GaNbased counterparts.
7) The approach of InAlN/(AlN)/GaN/ AlGaN DHQW HEMTs is tested for a higher device robustness and less degradation in the system.
Model and Experimental Methods
We performed hydrodynamic simulations with our twodimensional (2D) device simulator Minimos-NT, which already has been successfully employed for the analysis of GaN-based HEMTs. 16, 17) The hydrodynamic transport model is derived from the Boltzmann equation by taking into account the first four moments of the distribution function. A system of partial differential equations, namely, Poisson, current continuity, and energy balance equations for electrons, is solved self-consistently. Holes are neglected in the model.
In 0:17 Al 0:83 N (13 nm)/AlN (1 nm)/GaN (1.2 m) single quantum well (SQW) HEMT structures were grown by MOCVD on sapphire substrates. InAlN of 17% In content was chosen to induce lattice matching to GaN. 5) A thin AlN interlayer is used to improve the carrier mobility in the channel.
18) The sum of polarization charges at AlN interfaces equals the polarization charge at the InAlN/GaN interface; 19) thus, in simulations, we consider 14 nm InAlN without the interlayer. In the alternative DHQW structures, a 50-nm-thick GaN layer and a 310 nm Al 0:04 Ga 0:96 N back barrier were inserted between the GaN buffer and the AlN spacer. To eliminate a possible detrimental effect of the low thermal conductivity of AlGaN, the thickness of AlGaN was only 310 nm. As expected, the calculated SQW and DHQW band diagrams shown in Figs. 1(a) and 1(b) indicate that electrons in the DHQW are better confined owing to a raised conduction band E C in the GaN channel, which is due to an additional negative polarization charge at a GaN/AlGaN junction of the DHQW structure shown in Fig. 1(b) . The Hall experiment showed identical data for both structures with an electron mobility $ 560 cm 2 V À1 s À1 and a sheet carrier concentration n s $ 2:2 Â 10 13 cm À2 . It was shown elsewhere that the experimental n s depends on the condition of the InAlN surface 20) and/or on conditions during the epi-structure growth. 21) To obtain the best agreement of the model with the experimental n s , we used an E C surface potential of 1.8 eV. In this case, by integrating the calculated volumetric carrier concentration profiles, we obtained n s ¼ 2:4 Â 10 13 cm À2 for the SQW and about 8% less sheet concentration n s ¼ 2:2 Â 10 13 cm À2 for the DHQW HEMT. The invariant experimental n s can be explained by the inaccuracy of the Hall experiment and/or of the InAlN barrier thicknesses. Still, as shown in Fig. 1(b) , even the relatively low Al mole fraction in the back barrier is sufficient for creating a clear back barrier potential reaching almost 2 eV at the GaN/AlGaN junction. Device processing included mesa etching using Ar-based RIE ($250 nm deep) and Ti/Al/Ni/Au ohmic and Ni/Au Schottky barrier contacts defined by e-beam lithography. The gate length is 0.25 m, and the gate-to-drain distance is $1:5 m. All devices were unpassivated.
InAlN/GaN-based (both SQW and DHQW) HEMTs were degraded by applying a 1 h off-state stress with V GS ¼ À8 V and V DS ¼ 20 V. The output characteristics were measured before and after the stress. For the extraction of the source (R S ), drain (R D ) as well as intrinsic open channel (R CHIO ) resistances, we modified a method that was formerly developed for GaAs metal-semiconductor field-effect transistors (MESFETs). 22) In the former method, the total source-to-drain resistance
where R CHI is the channel resistance, V bi is the Schottky contact barrier height, and V x quantifies the modulation of R CHI by V GS , i.e., V x ¼ R CHI =R CHIO . In an acquired linear dependence, a graph extrapolation to V x ¼ 0 gives R S þ R D , and the slope of the line provides R CHIO . 22) However, in GaN HEMTs, a two-dimensional electron gas density depends linearly on V GS . 5) Consequently, for the HEMT analysis, we obtain R CHI , which varies proportionally to currents when compared with those of the SQW HEMT. However, owing to electron tunneling through the InAlN barrier, 8) the leakage currents were dominated by I G and, consequently, the off-state breakdown appeared at a relatively low V DS $ 35 V. A rather high gate leakage (>1 mA/mm) in InAlN/GaN HEMTs was reported also elsewhere; 1) better Schottky contacts can be expected after using an oxygen plasma treatment 1) or by reducing the threading dislocation density in InAlN. 23 ) Figure 4 shows the evolution of the output characteristics of InAlN/GaN (a) SQW and (b) DHQW HEMTs before and after the degradation stress and after a 20 h relaxation (at no bias) following the stress. A strong reduction in I DS (by $30% at V GS ¼ 0 V) was observed after the stress for the SQW HEMT. In contrast, for the DHQW HEMT, I DS decreased by $10% only [see Fig. 4(b) ]. Changes were found irreversible after 20 h [see Figs. 4(a) and 4(b)] and also after several weeks (not shown). Further analysis of the R S , R D , and R CHIO of the virgin and degraded SQW HEMTs indicated that while R CHIO increased by about 300%, access resistances remained practically intact after the stress [see Fig. 5(a) ]. Simultaneously, we observed only a low positive shift $0:15 V in V T . These findings strongly indicate that the I DS reduction could be explained by the degraded carrier mobility in the intrinsic part of the channel. We may suggest that the enhanced Coulomb scattering on charged defects in the GaN buffer affects the carrier mobility. Similarly, as proposed for AlGaN/GaN HEMTs, 10, 11) charging may take place owing to the hot electron injection in the buffer layer and to the release of hydrogen atoms. This mechanism may be diminished by using the back barrier as it was confirmed by analyzing the R S , R D , and R CHIO of the DHQW InAlN/ GaN HEMT [see Fig. 5(b) ]. In this case, R S þ R D also remains intact; however, R CHIO is increased only by about 60%. The normalized values of R CHIO and I DS at V GS ¼ 0 V for both devices before and after the stress are summarized in Table I . We finally note that for both devices, a kink effect was observed in the virgin state particularly at V GS ¼ À4 V, which disappeared after the stress (see Fig. 4) . A similar effect has been studied earlier and explained by the injection and trapping of electrons in the buffer layer. GaN HEMT is due to the higher polarization fields in InAlN/ GaN HEMTs than in AlGaN/GaN HEMTs. 25) The polarization in the GaN-based QW is related to n s , and the depletion of the channel requires the proportional application of a sufficient gate bias to the polarization field. 25) The resulting vertical electric field in InAlN/GaN HEMTs under the offstate condition deflects the channel electrons with higher energies in the buffer. Consequently, the buffer layer in InAlN/GaN HEMTs may be more vulnerable to degradation than that in AlGaN/GaN HEMTs.
Results and Discussion
Furthermore, we compared SQW and DHQW InAlN/ GaN HEMTs to study the effect of the AlGaN back barrier [see Figs. 6(b) and 6(c) ]. The maximal T e seems to be not significantly affected by the presence of the back barrier; however, as indicated by lateral cross sections (right panel of Fig. 6 ), there is a much lower concentration of injected electrons in the DHQW HEMT than in the SQW HEMT. This may explain the higher stability of DHQW InAlN/GaN HEMTs. Moreover, besides the blocking effect of the back barrier on the injection of hot electrons, the increased E C À E F in the buffer layer of the DHQW HEMT increases the electron energy required for the dehydrogenation of point defects. 12) We note that to explain the observed changes in the studied HEMTs, alternative mechanisms related to the charging of pre-existing traps in the buffer 14, 26) or at the surface of the barrier layer 27) may be considered. However, in our case, at least in a time scale of weeks, we observe irreversible effects, which is in contrast to the transient effects expected for a sole electron trapping. 26, 27) Also, in our experiment, the deduced changes in R CHIO are related to the intrinsic part of the transistor, which would exclude effects in the surface access regions. Finally, while there is a minimum energy required to release hydrogen from Ga vacancies, 12) for the electron trapping, the dependence of the device performance on the density of injected electrons seems to be more crucial. 26 ) Therefore, we assume a dominant role of the hot-electron dehydrogenation of defects in the buffer and only a minor role of pre-existing traps in the observed permanent degradations. This study was performed on unpassivated devices. Investigations of degradation mechanisms in DHQW InAlN/GaN HEMTs with passivated surface and/or insulated gates are ongoing.
Conclusions
We studied the electrical performance and degradation mechanisms in InAlN/GaN HEMTs with and without an AlGaN back barrier. We showed the viability of the DHQW concept with improvements in the HEMT off-state characteristics and in the device stability when compared with the SQW InAlN/GaN HEMT. The 2D physics-based model confirmed the better confinement of carriers in the proposed DHQW structure than in SQW HEMTs with a lower rate of carrier injection in the buffer layer. The model also indicated that the buffer layer in InAlN/GaN-based HEMTs may be more vulnerable to hot-electron degradation as in AlGaN/ GaN HEMTs and consequently may require a more careful design.
